Direct methods applied to powder diffraction data often provide electron density maps of which the quality is usually affected by systematic and/or random phase errors, by amplitude truncation effects in the series representation of the electron density, etc. The frequent incorrect labelling of the peaks can strongly affect the ef®ciency of the procedures used for crystal structure re®nement. For example, the success of alternative techniques, such as POLPO [Altomare et al. (2000). J. Appl. Cryst. 33, 1305±1310], requires that all the heavy atoms be positioned and exactly labelled.
Introduction
Ab initio crystal structure determination from powder data is usually achieved by ®rst extracting integrated intensities from the powder pattern and then by applying direct methods (see Giacovazzo, 1998 , for a general review). Owing to the collapse of the three-dimensional reciprocal space of the individual crystallites on the one-dimensional 2 axis, structure-factor moduli obtained via the decomposition procedure may be poorly estimated; this can markedly affect the ef®ciency of direct methods. Several attempts have been made to improve the ef®ciency of the phasing procedure: more informative experimental data are today obtained by using synchrotron radiation, more sophisticated decomposition algorithms have been de®ned, and direct methods themselves have been modi®ed to improve their application to powder data. Although these advances are largely responsible for the consistent growth in the complexity and in the number of structures determined from powder data, with structures with up to 60 atoms in the asymmetric unit being determined (Morris et al., 1994) , a great deal of work is still necessary to complete and re®ne a complex crystal structure from the incomplete and often distorted fragments provided by direct methods applications.
When available, prior information on the molecular geometry can compensate for the information that is experimentally lost because of the overlap problem. In recent years, this approach has been applied to a large variety of structural studies (Harris et al., 1994 (Harris et al., , 1998 Andreev & Bruce, 1998; Shankland et al., 1997; Chernyshev & Schenk, 1998) in which trial models are assumed independently of the diffraction data and randomly displaced into the unit cell by using a variety of search algorithms, such as`simulated annealing',`genetic algorithm',`grid search', etc. Of particular interest is FOCUS (McCusker et al., 1996) , a method speci®cally developed for the study of zeolite structures. With only a few exceptions, zeolite framework structures can be described as threedimensional four-connected nets of tetrahedrally coordinated atoms (T atoms), bridged by O atoms, with well known interatomic distances. Therefore, the types and numbers of the T atoms in the unit cell, their coordination numbers, typical bond distances and angles, and minimum distances between non-bonded atoms, are used in the interpretation of the electron density maps generated in automatic Fourier recycling procedures. The method uses a specialized topology search (connectivity of T atoms without reference to chemical composition), speci®c to the zeolites.
To generalize the FOCUS procedure for application to a large variety of crystal structures, let us assume that the molecular geometry is unknown but that a low level of crystal chemical information is a priori available, e.g. atomic species present in the structure, interatomic distances and angles, coordination polyhedra, etc. In the POLPO (Altomare et al., 2000) procedure, once heavy atoms have been correctly located and labelled by direct methods, Monte Carlo techniques are used to locate light atoms correctly, in agreement with the available crystal chemical information. POLPO works correctly even in the presence of distorted molecular geometry, but fails if atomic species are incorrectly associated to the electron density peaks, or if some heavy atoms are occasionally missed. In this situation (in which the structural model is poor) even Rietveld re®nement (Rietveld, 1969) might fail in completing and re®ning the crystal structure. We describe in this paper a new algorithm for automatically improving the peak labelling available at the end of direct methods procedures. It requires prior information on the number and coordination of the heavy atoms as well as the range of the typical distances between heavy atoms and J. Appl. Cryst. (2002) . 35, 21±27 between heavy and light atoms. Its application may constitute a preliminary step to the application of POLPO, or a step of a standard re®nement.
The algorithm
Usually, a modern direct methods procedure ends with a list of atomic positions, corresponding to the maxima of the last electron density map: the peaks are labelled (in terms of atomic species) according to the peak intensity. Often, some atoms are missed, some spurious but intense peaks are present in the map (and therefore labelled), and the molecular geometry is distorted. In this situation, the correct structural model is dif®cult to establish. The algorithm described below aims at using the crystal chemical information that is usually available a priori to improve the peak labelling. The procedure may be applied to crystal structures containing both heavy (i.e. atomic species for which Z > 10) and light atoms (i.e. atomic species for which Z 10). At the moment, only crystal structures with no more than two heavy atomic species may be managed.
The prior information used by the procedure is: (i) the heavy atomic species present in the unit cell; (ii) the number of heavy atoms (denoted nh) in the asymmetric unit; (iii) the expected heavy atom to heavy atom distances (denoted hhd), and the expected number of heavy atoms (denoted nhh) surrounding each heavy atom at an expected hhd distance; (iv) the expected heavy atom to light atom distances (denoted hld).
To allow for the unavoidable distortion of the coordination polyhedra in a real crystal structure, a default tolerance of 0.5 A Ê around the ideal distances is in the procedure; a different value can be supplied by the user by means of a directive.
As a numerical example, in a typical zeolite structure one heavy atomic species only (Si) is present in the unit cell, the typical Si±Si distance is hhd = 3.1 A Ê [the program automatically de®nes the tolerance range of the heavy atom to heavy atom distances between hhd min = (3.1 À 0.5) A Ê and hhd max = (3.1 + 0.5) A Ê ], four Si atoms are expected to surround each Si (accordingly nhh = 4), and hld, the typical Si± O distance, is expected to be 1.6 A Ê [hld min = (1.6 À 0.5) A Ê , hld max = (1.6 + 0.5) A Ê ]. From an electron density map the number of peaks NP k NAS is traditionally selected, where NAS is the expected number of non-H atoms in the asymmetric unit, and k 9 1.3±1.5 (k > 1 facilitates the construction of a reasonable structural model).
In EXPO (Altomare et al., 1999) , the NP value is chosen so as to satisfy the relation (Cascarano et al., 1991) 
where m is the number of symmetry operators of the point group, occ. is the crystallographic occupancy, and N is the number of non-H atoms in the unit cell. As in EXPO, we will suppose in our procedure that about 1.3NAS peaks are selected from the last electron density map, are ordered according to their intensity and suitably labelled according to the chemical content of the cell. As a rule, higher intensity peaks will be associated with heavier atomic species. The current EXPO labelling process is too complicated to be described here. For brevity, the reader is referred to the work of Altomare et al. (1993) .
The steps of our procedure may be described as follows.
Step 1. A subset of peaks (from now on referred to as thè sublist': it contains the 0.5NP peaks with the largest intensity) is selected. Only the geometry of the above peak positions will be analysed to identify the heavy atoms. The limitation of the search to the peaks in the sublist is for two reasons: (a) the heavy atoms are usually associated with high intensity peaks and therefore they are expected to belong to the sublist; (b) enlarging the sublist makes the application of the algorithm more dif®cult.
Step 2. The peaks of the sublist are temporarily considered as heavy; for each of them the symmetry-equivalent atoms are located and the shortest mutual distance is computed. If this is smaller than hhd min , the atom is considered as light and excluded from the list of the atoms to submit in the next step.
Step 3. For each peak, the distances in the ranges hhd min ± hhd max and hld min ±hld max are tabulated and used as information to ®ll in a square matrix of 0.5NP order (the`restraint matrix'). The generic element a ij of the restraint matrix refers to the (i, j)th pair of peaks in the sublist. When the procedure starts, all the a i,j are set to zero. In order to show how the matrix is built up, let us consider the jth peak in the sublist: as speci®ed before, it is temporarily considered as heavy and therefore nhh short distances with other heavy atoms are expected. The following cases are considered.
(i) At least 3/4 of the expected nhh distances are found: in this case a jj = 1, a ij = 1 for all the peaks at hhd distance, a ij = À1 for all the peaks at hld distance. The rationale is the following: a ij = 1 temporarily supports the indication that the ith peak corresponds to a heavy atom; a ij = À1 that it is a light atom. The jth column of the matrix is therefore de®ned.
(ii) At least 1/2 (but less than 3/4) of the nhh distances are found. Then all the elements of the jth column will retain their starting value (a ij = 0).
(iii) Less than 1/2 of the expected nhh distances are found: in this case a jj = 0 and a ij = 0.5 for each ith peak which satis®es the hld distance. In this case a temporary indication that the jth peak is a light atom is assumed. Simultaneously, the indication that the peaks at hld distance are heavy atoms is cautiously accepted.
Step 4. For each ith row of the matrix,
is calculated, where I(i) is the intensity of the ith peak and the a ij are the positive entries of the matrix.
[An example of a restraint matrix is shown in Table 9 (b)].
Step 5. The peaks in the sublist are sorted in decreasing order of SUM and the ®rst nh peaks are considered the best candidates for being heavy atoms. Before de®nitively accepting the sequence as the correct one, two supplementary controls are made.
(a) Firstly, the crystallochemical compatibility of the selected heavy atom positions is checked: two heavy atoms are considered incompatible if their distance is smaller than hhd min . As an example: (i) let us suppose that the ith atom is incompatible with the jth atom; in this case we omit from the list of heavy atoms that with the lower value of SUM; (ii) suppose that the ith atom is incompatible with a subset of other atoms including the jth, and, vice versa, that the jth atom is incompatible with a subset including the ith atom. Then the sum of the peak intensities incompatible with i is calculated and compared with that obtained for the jth atom. The peak with the highest value of the sum is replaced with another one at a lower position in the list. Both the checks are repeated.
(b) Secondly, the presence of nhh distances around each heavy atom is checked (the expected coordination has to be ful®lled). For example, for the zeolites four T atoms (classically Si or Al) are at a given distance around each heavy atom. In this case, the atom which does not satisfy the constraint is replaced by another and the check is repeated.
The two checks, (a) and (b), are iterated until a sequence of atoms, compatible with all the restraints imposed by the user, is obtained. If this does not happen, the procedure restarts using a larger sublist and stops when all the NP atoms have been considered.
Step 6. The nh selected peaks are de®nitively labelled as heavy atoms using the species indicated by the user via a directive. The other peaks retain the labelling assigned by direct methods (unless they were erroneously considered as heavy atoms).
Let us now consider the case in which two different heavy atomic species are present in the structure, for which the same ranges hhd min ±hhd max and hld min ±hld max hold. The application of the algorithm only requires the extension of step 6 of the procedure. As examples, let us consider GAPO and VFI, two of the test structures quoted in Table 1. GAPO is a zeolite, with four Ga, four P and 16 O framework atoms in the asymmetric unit. The heaviest atomic species (Ga) is associated to the ®rst of the peaks selected as heavy atoms (at step 6 of the procedure) and to all the others not surrounding it. On the contrary, surrounding heavy peaks are labelled P. The procedure is repeated for each atom of the sublist. Since each Ga is expected to be surrounded by four P atoms, only two labellings are possible (see x3).
VFI contains three Al, three P and 19 O atoms in the asymmetric unit. The same criteria described for GAPO is applied and two possible labellings, compatible with the expected abundance of each atomic species in the unit cell, are feasible:
Atom X 1 2 3 4 5 6 Labelling 1 X P P Al Al P Al Labelling 2 X Al Al P P Al P For both cases, GAPO and VFI, as well as for any case in which the procedure stops with some ambiguity, the pro®le residual R prof 100 i jy i obs À y i calcj F i y i obs may be used to select the correct labelling, where y i (obs) and y i (calc) are the observed and the calculated pro®le counts, respectively. The calculation involves only the heavy atoms. The labelling with the lowest value of R prof is assumed to be the most reliable. There are cases in which the heavy atomic species have quite different hld values. If the available structural model is suf®ciently accurate, the two atomic species can be distinguished by introducing two different hld values and smaller tolerances. However, in most cases the structural model is rather imperfect and the above-described method works better.
Applications
The procedure described in the x2 has been successfully applied to 12 crystal structures covering a large variety of space groups. The relevant crystal chemical data are quoted in Table 1 . For most of the test structures, the default EXPO labelling involves some mistakes, which are corrected by our procedure. For some test structures, EXPO correctly identi®es the heavy atoms: such structures are used to check if the new procedure con®rms the EXPO labelling. Only for MCM did our method partially fail. We will provide some details for SAPO and UTM1, for which some heavy atoms correspond to rather low intensity peaks, and for NBPO, GAPO, NIZR, BAMO and VFI, for which two atomic species have to be allocated. 3.1. SAPO 14 atoms (4 Si, 10 O) are in the asymmetric unit. The default run of EXPO incorrectly labelled two peaks: the third and the eleventh (see Table 2 ). At this stage R prof = 13.81. The following directives were given by the user: label 4 Si nhh 4 hhd 3X1 0X5 hld 1X9 0X5
The procedure was applied to an external sublist of 11 peaks; the atomic species assigned to the atoms after the procedure are shown in the last column of Table 2 . The procedure recognized the third and the eleventh peaks in the sublist as Si atoms. At this stage, R prof = 13.11. For brevity, in the following examples the main directives will be summarized in the table captions.
UTM1
19 atoms (6 Si, 13 O) are in the asymmetric unit. The default EXPO labelling and the intensity of the peaks in the sublist are shown in Table 3 ; the correct labelling is also given for comparison. Mistakes were made for the peaks 6, 7 and 8. At this stage R prof = 9.62. The procedure was applied to a sublist of 10 peaks and the results are shown in Table 3 . Our procedure correctly discarded Si(6) and Si (7) from the list of heavy atoms and recognized O(8) as a Si atom. At this stage R prof = 8.36.
NBPO
22 atoms (3 Nb, 4 P, 15 O) are in the asymmetric unit: Nb and P are expected to be surrounded by 6 and 4 heavy atoms, respectively. The procedure was applied to the sublist of 11 peaks selected from a default run of EXPO (see Table 4 ). In the ®rst two columns of Table 4 , the EXPO labelling and the corresponding peak intensities are shown, while in the third column the correct labelling is shown. One incorrect species was attributed by EXPO to the seventh peak. The R prof value at this stage was equal to 40.52. Three possible labelling schemes were obtained after the procedure: Atom X 1 2 3 4 5 6 7 Labelling 1 X Nb Nb Nb P P P P Labelling 2 X P P Nb P Nb P Nb Labelling 3 X P Nb Nb P Nb P P
The R prof value was calculated for each attribution and the lowest value (29.09) was obtained for the ®rst labelling. All the other atoms retained the labelling assigned by direct methods.
GAPO
32 atoms (4 Ga, 4 P, 16 O, 1 F, 7 C) are in the asymmetric unit; Ga and P are surrounded by 4 heavy atoms. The default labelling of EXPO is shown in Table 5 . Six peaks were incorrectly labelled: the second, the third, the fourth, the ®fth, the seventh and the eighth peak. At this stage R prof = 31.56 was obtained. Two labelling schemes were obtained at the end of the procedure: Atom X 1 2 3 4 5 6 7 8 Labelling 1 X Ga P P P Ga P Ga Ga Labelling 2 X P Ga Ga Ga P Ga P P one of which is entirely correct (R prof = 28.37). Table 3 UTM1: default labelling and peak intensities according to EXPO, along with the correct labels.
The following directives were given by the user: label 6 Si, nhh 4, hhd = (3.1 AE 0.5), hld = (1.9 AE 0.5).
EXPO label EXPO intensity Correct label
Si ( Table 4 NBPO: default labelling by EXPO and intensity of the peaks in the sublist, along with the correct labels.
The following directives were given by the user: label 3 Nb 4 P, nhh 6 4, hhd = (3.2 AE 0.5), hld = (1.9 AE 0.5).
Nb ( 
NIZR
18 atoms (2 Zr, 1 Ni, 3 P and 12 O) are in the asymmetric unit. The default EXPO labelling and the intensity of the peaks in the sublist are shown in Table 6 ; the correct labelling is also given for comparison. Mistakes were made for the peaks 3, 4, 8 and 9. At this stage R prof = 14.66 was obtained. Because no more then two heavy atomic species may be managed by our procedure, we assimilated Ni to the P species (they have the same coordination). Our procedure correctly labelled all the peaks (see Table 6 ) (we cannot, however, distinguish which, among the four P atoms, is the Ni atom). At this stage R prof = 13.79.
3.6. BAMO 28 atoms (2 Ba, 6 Mo, 20 O) are in the asymmetric unit: Ba and Mo are surrounded by 6 heavy atoms. 21 peaks were selected from a default run of EXPO (see Table 7 ). Three incorrect species were attributed by EXPO to the second, the fourth and the eighth peak. The R prof value at this stage was equal to 2.56. Only one possible labelling of the atoms, compatible with the abundance of the two atomic species in the unit cell, was obtained after the procedure. The R prof value was reduced to 2.04. All the other atoms retained the labelling assigned by direct methods.
VFI
25 atoms (3 Al, 3 P and 19 O) are in the asymmetric unit. The default EXPO labelling and the intensity of the peaks in the sublist are shown in Table 8 ; the correct labelling is also given for comparison. Mistakes were made for the peaks 3 and Table 5 GAPO: default labelling by EXPO and intensity of the peaks in the sublist, along with the correct labels.
The following directives were given by the user: label 4 Ga 4 P, nhh 4 4, hhd = (3.3 AE 0.5), hld = (1.7 AE 0.5).
EXPO label EXPO intensity Correct label
Ga (1 Table 6 NIZR: default labelling by EXPO and intensity of the peaks in the sublist, along with the correct labels.
The following directives were given by the user: label 2 Zr 4 P, nhh 6 4, hhd = (3.2 AE 0.4), hld = (1.7 AE 0.5).
Zr ( Table 7 BAMO: default labelling by EXPO and intensity of the heavy peaks in the sublist, along with the correct labels.
The following directives were given by the user: label 2 Ba 6 Mo, nhh 6 6, hhd = (4.1 AE 0.5), hld = (2.1 AE 0.5).
Mo (1 Table 8 VFI: default labelling by EXPO and intensity of the heavy peaks in the sublist, along with the correct labels.
The following directives were given by the user: label 3 Al 3 P, nhh 4 4, hhd = (3.1 AE 0.5), hld = (1.9 AE 0.5). labelling schemes and the way in which the ambiguity was resolved are described in x2 (Table 9 lists additional data). Our procedure correctly labelled all the peaks (see Table 8 ). At this stage R prof = 7.26. Table 9 VFI.
EXPO
(a) Experimental hhd and hld distances for each peak in the sublist. EXPO correctly identi®es the heavy atoms of YONO, SGT, LEV and LAMO. The labelling is con®rmed by our procedure.
MCM
This is an example in which the method partially fails. In Table 10 the default labelling of EXPO is shown together with the true labelling. The procedure is able to relabel O(21) as a Si, discards the peak erroneously labelled by EXPO as Si (4), but it is unable to relabel O(30) as Si.
Conclusions
Our results show that labelling procedures based on crystal chemical information are by far superior to the application of criteria based on the peak intensities in the electron density maps. A ®nal point deserves enlightenment. The R prof values do not always signi®cantly improve when we replace the standard EXPO labelling with the new one. Since our procedure is preliminary to POLPO, the correctness of the new labelling my be checked after the application of POLPO when the entire structure (light atoms included) is located and submitted to a few Rietveld re®nement cycles. As shown by Altomare et al. (2000) , the R prof is very meaningful at this stage. This also holds in the particular case when the heavyatom structure is centrosymmetric while the full structure is non-centrosymmetric. In this case, owing to the crystal chemical restraints used by POLPO, the ambiguity may be easily resolved. Table 10 MCM: default labelling by EXPO and intensity of the heavy peaks in the sublist, along with the correct labels.
The following directives were given by the user: label 8 Si, nhh 4, hhd = (3.1 AE 0.5), hld = (1.9 AE 0.5).
EXPO label EXPO intensity Correct label
Si(1) 505 Si Si (2) 494 Si Si (3) 437 Si Si(4) 401 O Si (5) 397 Si Si (6) 395 Si Si (7) 392
117 Si
